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Summary

For 40 years prophylactic anti-D has been given to D-negative women after
parturition to prevent haemolytic disease of the fetus and newborn. Mono-
clonal or recombinant anti-D may provide alternatives to the current plasma-
derived polyclonal IgG anti-D, although none of them have yet proved as
effective in phase 1 clinical trials. The variation in efficacy of the antibodies
may have been influenced by heterogeneity in glycosylation of anti-D pro-
duced from different cell lines. Some aspects of the conduct of the human
studies, most notably the use of low doses of anti-D and target D positive red
cells in vivo, may aid the design of the clinical development of other immu-
nomodulatory drugs in order to minimize adverse effects.
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The recent editorial by Dayan and Wraith [1] in this journal
highlighted the challenges for developing new immuno-
therapies after the disastrous trial of TGN1412. This over-
view presents some of the knowledge gained from many
clinical trials of anti-D that may be relevant for translational
immunology.

Prevention of hydrops fetalis or Rhesus haemolytic disease
of the fetus and newborn (HDFN) by prophylactic anti-D is
the most successful clinical application of antibody-
mediated immunosuppression. HDFN occurs after a D-
negative woman becomes immunized to fetal D-positive red
blood cells following fetomaternal haemorrhage (FMH); the
IgG anti-D produced is transferred across the placenta
causing destruction of fetal red cells by splenic macrophages.
In the 1940s, when the cause of this disease was first recog-
nized, 1% of babies were born with HDFN and 40% of them
died [2]. Anti-D is the commonest antibody implicated. The
RhD polypeptide on red cells is the most immunogenic of
the blood group antigens as it is absent from cells of
D-negative individuals who lack the RHD gene [3].

HDFN is now rare, partly due to improved fetal and neo-
natal care but mainly because of prevention of primary
immunization of susceptible D-negative women by prophy-
lactic IgG anti-D [1]. Since 1968, after successful clinical
trials in the UK [4] and USA [5], anti-D has been given to
10% of all women postnatally, resulting in a reduction in the
incidence of the disease of about 95%. Fewer than 30 peri-
natal deaths per year are now caused by HDFN. In 2002, the
National Institute of Health and Clinical Excellence (NICE)

recommended routine antenatal anti-D prophylaxis be given
to all D-negative women, in addition to postnatal prophy-
laxis, to reduce the immunization rate still further. Intrave-
nous (IV) anti-D is also now used therapeutically to treat
some D-positive patients with immune thrombocytopenic
purpura (ITP) [6]. Thus the demand for anti-D is increasing.

Anti-D immunoglobulin is prepared from pooled hyper-
immune human plasma. For many years, issues over viro-
logical safety and, more recently, variant Creutzfeld Jacob
disease (vCJD) have stimulated the search for alternative
supplies. In the UK, plasma for fractionation is now sourced
from North American donors because of concerns over UK
donors being latent carriers of vCJD. With the aim of replac-
ing polyclonal anti-D prepared from human plasma with
biotech versions for both diagnostic and clinical use, hun-
dreds of anti-D monoclonal (mAb) or recombinant (rAb)
antibodies have been produced. They are all derived from
human immunoglobulin genes or B cells because mice do
not recognize the RhD antigen. Various expression systems
have been used, including human B-cell lines, Chinese
hamster ovary (CHO) cells, mouse-human heterohybrido-
mas and rat myelomas.

Although the exact mechanism of suppression of D
immunization by administration of passive IgG anti-D
remains to be elucidated [7], it is known that D-positive red
cells are rapidly cleared to the spleen by macrophages via
IgG Fc receptor (FcgR) interactions and rendered non-
immunogenic. Indeed, to ensure prophylactic anti-D is likely
to be effective at preventing D immunization to a large FMH,
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women are tested 2–3 days later to check that fetal cells are
cleared from the circulation [8]. Otherwise, allogeneic red
cells have a long survival after FMH or transfusion. Alloim-
mune responses are slow to develop, typically 5–15 weeks for
anti-D [9]. This is probably due to their lack of danger
signals (from foreign molecules) so that they are not recog-
nized by the immune system until they become senescent,
which then stimulates their phagocytosis via phosphatidyl
serine receptors [10]. Without RhD prophylaxis, approxi-
mately 17% of D-negative women become immunized after
pregnancy with a D-positive fetus [11]. This incidence is
lower than for deliberately immunized normal subjects (up
to approximately 85% respond [9]) because for most women
the volumes of FMH are too small for the red cells to be
immunogenic [12]. Pregnant women can make robust
alloimmune responses whilst tolerating their semi-
allogeneic fetus.

Over the last 20 years, 19 anti-D mAbs and rAbs were
tested in 15 first-in-man studies. These were recently
reviewed [13] and are summarized here. No serious adverse
effects occurred. In vitro biological assays of FcgR-mediated
phagocytosis and haemolysis using human effector cells are
well established [14] and were used for screening. The clini-
cal trials assessed the ability of the antibodies to remove
small volumes (less than 1%) of D-positive red cells from the
circulation and in some studies the ability of the anti-D to
prevent D immunization was also then determined. Many of
the mAbs and rAbs were directly compared with polyclonal
anti-D.

Great heterogeneity in antibody efficacy was observed
(Table 1). Two mAbs derived from human B-lymphoblastoid
cell lines, BRAD-3 and BRAD-5, mediated rapid red cell
clearance and prevented D immunization almost as effec-
tively as polyclonal anti-D, although a three- to fourfold
higher dose was used [15,16]. The plasma half lives of
BRAD-3 and BRAD-5 were normal but bioavailability was
half that of polyclonal anti-D [17]. When these antibodies
were expressed as rAbs in CHO cells, clearance of autologous
D-positive red cells was slower than the original mAbs [18].
A large study using another CHO-derived anti-D rAb,
MonoRho, gave disappointing results, red cell clearance
being extremely variable, usually very slow and with no cor-
relation to the dose of anti-D [19]. The very low bioavail-
ability of MonoRho [20] might partly explain this. The
subjects did not, however, produce anti-D, although they
were not given challenge injections of D-positive red cells to
determine their D immunization status [19]. MAbs pro-
duced by murine myeloma cell lines (as mouse-human
heterohybridomas) also showed great variability in red cell
clearance [21–23] but unexpectedly, over half the recipients
rapidly became D immunized [22,23], twice as many as
would occur with red cells alone [9]. Thus these anti-Ds had
an adjuvant effect, enhancing the immune response to
D-positive red cells instead of preventing it as intended. Later
studies using anti-D rAbs produced by rat myeloma cells Ta

bl
e

1.
Su

m
m

ar
y

of
da

ta
fr

om
cl

in
ic

al
tr

ia
ls

of
po

ly
cl

on
al

an
ti

-D
an

d
an

ti
-D

m
A

bs
an

d
rA

bs
.

C
el

lu
se

d
fo

r
ex

pr
es

si
on

C
lo

n
e

R
at

e
of

re
d

ce
ll

cl
ea

ra
n

ce
(z

er
o

to
ra

pi
d:

–
to

+
+

+
+

+)
E

ff
ec

t
on

R
h

D
im

m
u

n
iz

at
io

n
R

ef
er

en
ce

H
u

m
an

B
Po

ly
cl

on
al

R
ap

id
,l

it
tl

e
va

ri
at

io
n

am
on

g
su

bj
ec

ts
(+

+
+

+)
P

re
ve

n
te

d
[1

5,
19

,2
2,

25
]

H
u

m
an

B
ly

m
ph

ob
la

st
oi

d
ce

ll
lin

e
B

R
A

D
-3

,B
R

A
D

-5
(m

A
bs

)

B
R

A
D

-3
+B

R
A

D
-5

(b
le

n
d)

(m
A

bs
)

R
ap

id
,l

it
tl

e
va

ri
at

io
n

am
on

g
su

bj
ec

ts
,b

u
t

3x
h

ig
h

er
do

se
th

an

po
ly

cl
on

al
an

ti
-D

u
se

d
(+

+
+)

P
re

ve
n

te
d

in
90

%
of

su
bj

ec
ts

[1
5,

16
]

C
H

O
B

R
A

D
-3

+B
R

A
D

-5
(b

le
n

d)
(r

A
bs

)
Sl

ow
er

th
an

bl
en

d
of

m
A

bs
B

R
A

D
-3

+B
R

A
D

-5
(+

+)
(N

ot
do

n
e)

[1
8]

C
H

O
M

on
oR

h
o

(r
A

b)
V

er
y

va
ri

ab
le

be
tw

ee
n

su
bj

ec
ts

(+
to

+
+

+)
P

re
ve

n
te

d?
[1

9]

M
ou

se
m

ye
lo

m
a

G
7,

G
12

,G
17

,G
48

(m
A

bs
)

V
er

y
va

ri
ab

le
be

tw
ee

n
su

bj
ec

ts
(-

to
+

+
+

+)
In

cr
ea

se
d,

ra
pi

d
an

ti
-D

re
sp

on
se

[2
2]

M
ou

se
m

ye
lo

m
a

A
D

1+
A

D
3

(m
A

bs
)

Sl
ow

an
d

va
ri

ab
le

(+
)

In
cr

ea
se

d,
ra

pi
d

an
ti

-D
re

sp
on

se
[2

3]

M
ou

se
m

ye
lo

m
a

FO
G

-1
(m

A
b)

R
at

h
er

sl
ow

an
d

va
ri

ab
le

(+
to

+
+)

(N
ot

do
n

e)
[2

1]

R
at

m
ye

lo
m

a
FO

G
-1

&
m

u
ta

n
ts

(r
A

bs
)

E
xt

re
m

el
y

ra
pi

d,
ev

en
in

ab
se

n
ce

of
Fc

gR
bi

n
di

n
g

(+
+

+
+

+)
(N

ot
do

n
e)

[2
4]

R
at

m
ye

lo
m

a
R

29
7

(r
A

b)
E

xt
re

m
el

y
ra

pi
d

(+
+

+
+

+)
(N

ot
do

n
e)

[2
5]

A
ll

cl
in

ic
al

tr
ia

ls
va

ri
ed

,m
ak

in
g

di
re

ct
co

m
pa

ri
so

n
di

ffi
cu

lt
.

C
le

ar
an

ce
st

u
di

es
w

er
e

pe
rf

or
m

ed
in

D
-p

os
it

iv
e

(a
u

to
lo

go
u

s)
or

D
-n

eg
at

iv
e

su
bj

ec
ts

,w
it

h
re

d
ce

lls
be

in
g

in
je

ct
ed

be
fo

re
or

af
te

r
an

ti
-D

.V
ol

u
m

es
of

re
d

ce
lls

ra
n

ge
d

fr
om

0·
5

to
15

m
l.

D
os

es
of

an
ti

-D
di

ff
er

ed

(b
et

w
ee

n
10

0
an

d
18

00
mg

)
an

d
an

ti
-D

w
as

ad
m

in
is

te
re

d
ei

th
er

on
pr

e-
co

at
ed

ce
lls

or
in

je
ct

ed
i.v

.o
r

i.m
.C

le
ar

an
ce

st
u

di
es

w
er

e
pe

rf
or

m
ed

fo
r

be
tw

ee
n

1
h

an
d

7
da

ys
,w

it
h

va
ri

ed
ti

m
in

gs
of

sa
m

pl
e

co
lle

ct
io

n
.

O
n

e
to

94
su

bj
ec

ts
w

er
e

en
ro

lle
d.

In
so

m
e

st
u

di
es

,c
le

ar
an

ce
ra

te
s

w
er

e
ca

lc
u

la
te

d.

D
et

ec
ti

on
of

an
ti

-D
re

sp
on

se
s

w
as

de
te

rm
in

ed
ei

th
er

in
sa

m
pl

es
ta

ke
n

ev
er

y
2

or
4

w
ee

ks
or

in
a

si
n

gl
e

3-
or

6-
m

on
th

sa
m

pl
e;

re
d

ce
ll

ch
al

le
n

ge
in

je
ct

io
n

s
(s

ec
on

da
ry

im
m

u
n

iz
at

io
n

)
w

er
e

gi
ve

n
in

on
ly

tw
o

st
u

di
es

[1
5,

16
].

B. M. Kumpel

2 © 2008 British Society for Immunology, Clinical and Experimental Immunology, 154: 1–5



Ta
bl

e
2.

D
es

ig
n

of
ph

as
e

1
cl

in
ic

al
tr

ia
ls

of
an

ti
-D

.

Te
st

s
an

d
an

al
ys

es
D

et
ai

ls
an

d
co

m
m

en
ts

Po
in

ts
to

co
n

si
de

r
fo

r
fu

tu
re

de
ve

lo
pm

en
t

P
re

cl
in

ic
al

an
im

al
m

od
el

s
N

ot
su

it
ab

le
fo

r
an

ti
-D

as
th

e
R

h
D

an
ti

ge
n

is
re

st
ri

ct
ed

to
hu

m
an

s

In
vi

tr
o

bi
oa

ss
ay

s
Se

le
ct

io
n

of
ca

n
di

da
te

an
ti

-D
m

A
bs

an
d

rA
bs

w
as

m
ad

e
u

si
n

g
w

el
l-

es
ta

bl
is

h
ed

te
st

s
of

Fc
gR

fu
n

ct
io

n
al

ac
ti

vi
ty

.E
xt

en
si

ve
co

lla
bo

ra
ti

on
in

de
ve

lo
pi

n
g

th
es

e

bi
oa

ss
ay

s
w

as
u

n
de

rt
ak

en
in

fo
u

r
in

te
rn

at
io

n
al

w
or

ks
h

op
s

[1
4]

A
n

al
ys

is
of

th
e

tr
ia

ld
at

a
su

gg
es

ts
it

w
ou

ld
be

be
n

efi
ci

al
to

de
ve

lo
p

ad
di

ti
on

al

bi
oa

ss
ay

s
to

st
u

dy
in

te
ra

ct
io

n
s

of
an

ti
bo

di
es

(o
r

an
ti

bo
dy

co
at

ed
ce

lls
)

w
it

h

co
m

po
n

en
ts

of
th

e
in

n
at

e
im

m
u

n
e

sy
st

em
fo

r
bo

th
an

ti
-D

an
d

fo
r

ot
h

er
dr

u
gs

ta
rg

et
in

g
th

e
im

m
u

n
e

sy
st

em

D
os

e
T

h
e

do
se

s
of

bo
th

an
ti

-D
an

d
ta

rg
et

D
-p

os
it

iv
e

re
d

ce
lls

w
er

e
lo

w
in

bo
th

th
e

or
ig

in
al

cl
in

ic
al

ex
pe

ri
m

en
ts

co
n

du
ct

ed
ov

er
40

ye
ar

s
ag

o
an

d
in

th
e

re
ce

n
t

tr
ia

ls
.T

h
e

ai
m

w
as

fo
r

th
e

an
ti

-D
to

cl
ea

r
re

d
ce

lls
ac

qu
ir

ed
by

FM
H

In
th

e
T

G
N

14
12

ph
as

e
1

st
u

dy
,t

h
e

am
ou

n
t

of
an

ti
bo

dy
ad

m
in

is
te

re
d

w
as

fa
r

to
o

h
ig

h
an

d
al

lT
ce

lls
w

er
e

ta
rg

et
s,

le
ad

in
g

to
th

e
cy

to
ki

n
e

st
or

m
.T

h
e

do
se

of

an
ti

bo
dy

an
d

an
ti

ge
n

co
u

ld
be

m
in

im
iz

ed
if

a
sa

m
pl

e
of

ce
lls

w
er

e
co

at
ed

w
it

h

th
e

te
st

an
ti

bo
dy

in
vi

tr
o,

w
as

h
ed

an
d

in
je

ct
ed

Tr
ac

er
s

T
h

e
u

se
of

51
ch

ro
m

iu
m

to
la

be
lt

ar
ge

t
re

d
ce

lls
ex

vi
vo

en
ab

le
d

h
ig

h
ly

se
n

si
ti

ve

de
te

rm
in

at
io

n
of

th
ei

r
su

rv
iv

al
,t

is
su

e
di

st
ri

bu
ti

on
an

d
h

ae
m

ol
ys

is
in

vi
vo

51
C

h
ro

m
iu

m
or

ot
h

er
ra

di
on

u
cl

id
es

or
fl

u
or

oc
h

ro
m

es
sh

ou
ld

be
co

n
si

de
re

d
in

fu
tu

re
st

u
di

es
of

im
m

u
n

ot
h

er
ap

eu
ti

cs
to

bo
th

m
in

im
iz

e
do

se
s

an
d

en
h

an
ce

th
e

qu
al

it
y

of
in

fo
rm

at
io

n
fr

om
tr

ia
ls

D
os

in
g

in
te

rv
al

In
an

an
ti

-D
st

u
dy

co
n

du
ct

ed
be

fo
re

ec
on

om
ic

co
n

si
de

ra
ti

on
s

w
er

e
im

po
rt

an
t,

th
e

do
si

n
g

in
te

rv
al

be
tw

ee
n

su
bj

ec
ts

w
as

1
w

ee
k,

al
lo

w
in

g
ti

m
e

to
m

on
it

or

su
bj

ec
ts

fo
r

ad
ve

rs
e

ef
fe

ct
s

[1
5]

T
im

e
pe

ri
od

s
be

tw
ee

n
ad

m
in

is
te

ri
n

g
tr

ia
ls

u
bs

ta
n

ce
s

to
vo

lu
n

te
er

s
sh

ou
ld

be

co
n

si
de

ra
bl

y
lo

n
ge

r
th

an
th

e
fe

w
m

in
u

te
s

be
tw

ee
n

su
bj

ec
ts

in
th

e
T

G
N

14
12

tr
ia

l

A
n

ti
ge

n
-n

eg
at

iv
e

su
bj

ec
ts

A
po

ss
ib

ly
u

n
iq

u
e

ad
va

n
ta

ge
of

an
ti

-D
is

th
at

ac
cu

ra
te

de
te

rm
in

at
io

n
of

it
s

bi
oa

va
ila

bi
lit

y,
ph

ar
m

ac
ok

in
et

ic
s

an
d

h
al

f
lif

e
is

po
ss

ib
le

be
ca

u
se

D
-n

eg
at

iv
e

in
di

vi
du

al
s

la
ck

th
e

an
ti

ge
n

G
ly

co
sy

la
ti

on

of
Ig

G

It
is

lik
el

y
th

at
n

on
-h

u
m

an
gl

yc
os

yl
at

io
n

of
an

ti
-D

re
n

de
re

d
it

pr
o-

ra
th

er
th

an

an
ti

-i
n

fl
am

m
at

or
y.

B
io

lo
gi

ca
le

ff
ec

ts
w

er
e

ob
se

rv
ed

ev
en

at
ve

ry
lo

w
do

se
s

T
h

e
gl

yc
os

yl
at

io
n

of
T

G
N

14
12

m
ay

h
av

e
af

fe
ct

ed
it

s
ac

ti
vi

ty
in

vi
vo

In
fo

rm
at

io
n

sh
ar

in
g

C
om

bi
n

in
g

re
su

lt
s

fr
om

al
lt

h
e

cl
in

ic
al

tr
ia

ls
w

as
m

or
e

in
fo

rm
at

iv
e

fo
r

an
al

ys
in

g

th
e

im
m

u
n

ol
og

ic
al

ac
ti

vi
ty

of
th

e
an

ti
-D

an
ti

bo
di

es
th

an
in

di
vi

du
al

st
u

di
es

al
on

e
[1

3]

P
u

bl
ic

at
io

n
ad

va
n

ce
s

kn
ow

le
dg

e

Monoclonal anti-D for RhD prophylaxis

3© 2008 British Society for Immunology, Clinical and Experimental Immunology, 154: 1–5



showed they promoted extremely rapid clearance of autolo-
gous red cells, faster than polyclonal anti-D [24,25]. The
effect of altering the cell line expressing FOG-1 from mouse
to rat was striking, changing the clearance from very slow
and incomplete to very fast [21,24]. In the latter study this
was associated with haemolysis, some clearance to the liver
and febrile reactions [24]. These responses do not occur after
prophylaxis with polyclonal anti-D. Unexpectedly, mutants
of FOG-1 rAb, that lacked FcgR interactions in vitro, also
mediated rapid red cell clearance, although normal survival
had been expected [24]. These IgG anti-Ds must have bound
to receptors other than IgG FcgR.

Many of the anti-D mAbs and rAbs did not behave like
polyclonal anti-D. None were quite as effective and some
from rodent cell lines even resulted in undesirable immune
responses. The in vivo responses were determined mainly by
the species of cell line producing the antibodies and not by
the protein sequences. The cause of these unexpected and
possibly harmful reactions may be because the IgG anti-D
produced from animal cells interacted with components of
the innate immune system. The most likely explanation is
variation in their oligosaccharide composition.

The type of glycosylation of IgG depends on the cell in
which it is produced and is species-specific. Structures such
as N-glycolyl neuraminic acid and high mannose oligosac-
charides on rodent IgG [26,27] may be recognized as foreign
by innate immune pattern recognition receptors (PRRs) [28]
with subsequent pro-inflammatory responses. PRRs include
cellular asialoglycoprotein and mannose receptors. After
binding anti-D on D-positive red cells, they might have
stimulated antibody responses to the D antigen. In plasma,
mannan binding lectin may cause complement mediated
haemolysis when bound to mannose residues of anti-D on
a red cell. Endogenous IgG antibodies [29] recognizing
galactose-a1,3-galactose on murine IgG [30] could bind
anti-D expressing this oligosaccharide. Recently, endogenous
IgE anti-galactose-a1,3-galactose has caused hypersensitiv-
ity reactions in some patients given cetuximab (a cancer
immunotherapeutic) produced in mouse myeloma SP2/0
cells [31]. Lack of sialic acid on many anti-D mAbs and rAbs
would render the IgG pro-inflammatory upon binding FcgR
[32].

Polyclonal anti-D can be either beneficial or lethal in dif-
ferent clinical settings. The dose of target red cells is a major
factor. Clearance of small volumes of red cells, as in FMH,
is a ‘silent’, non-inflammatory, non-haemolytic process. If,
however, a D-positive individual receives large doses of
anti-D, as in a fetus suffering RhD haemolytic disease or,
rarely, ITP patients treated with IV anti-D, severe haemolysis
can occur. In these occasionally fatal cases, additional symp-
toms are usually hydrops (oedema) in HDFN [2] and acute
haemoglobinaemia, haemoglobinuria and disseminated
intravascular coagulation in ITP patients [33]. Most cases of
acute haemolysis were considered to be due to robust
extravascular haemolysis (macrophage mediated) rather

than intravascular haemolysis [34]. Even in the absence of
such serious adverse events, ITP patients not uncommonly
experience fever and chills after infusion of IV anti-D [34],
indicative of inflammatory reactions. Thus if ITP patients
were treated with pro-inflammatory anti-D mAbs or rAbs
instead of the current polyclonal anti-D, a complex series
of unintended and potentially dangerous reactions might
follow.

In the aftermath of the TGN1412 phase 1 study, some
aspects of the clinical trials of anti-D may be helpful for the
future development and regulation of first-in-man studies of
other immunotherapeutics [1], especially those targeting
cells in blood (Table 2). Choice of starting dose is particu-
larly important. Low doses of red cells and anti-D were used
in all the human work [13]. In some studies, for example for
BRAD-3 [21], autologous red cells (0·5 ml) were coated with
anti-D ex vivo then washed and injected, thus minimizing
the dose of antibody and mitigating the possibility of adverse
effects. Clearance of such small volumes of red cells could be
accurately followed when they were isotopically labelled.
When this antibody proved safe and effective, anti-D and red
cells were then injected separately [15,16] to simulate more
closely the clinical situation. Evidence of inflammatory reac-
tions with low doses of anti-D and red cells [24] should
ensure caution in scale-up studies.

In conclusion, the extensive data from human studies of
anti-D mAbs and rAbs suggests that their glycosylation
might have had a powerful effect in modulating their in
vivo activities. Some rAbs increased rather than decreased
the incidence of D immunization, one caused harmful
haemolytic reactions and one had an extremely low
bioavailability. These effects were not predicted from the in
vitro studies performed. In future, when developing recom-
binant glycoproteins for human therapy, consideration
should be given to the possibility that interactions between
non-human oligosaccharides and cells or molecules other
than the intended ligand may occur.
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